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SENSOR SYSTEM FOR IN-SITU 3D SOIL STRESS ANALYSIS 


SBIR Solicitation # A99-028 


1 INTRODUCTION. 


This document summarizes the work done under phase I and Phase I Option of this contract as an 
effort to design, construct and test sensor arrangements that can be used to measure 3D in-situ 
states of stresses in soils created by the interaction of moving Army vehicles. Twelve progress 
letters (6 Each for Phase I and 6 each for Phase I Option ) were forwarded to the Army Research 
Organization of Research Triangle Park, North Carolina, describing in details all the efforts 
produced by both phases of this investigation. Both progress letters # 6 for Phase I and Phase I 
Option summarized the work done during each phase respectively. Only the important findings of 
Phase 1 are discussed in this report, whereas the entire progress report # 6 for Phase I Option is 
presented here because of the highly encouraging results reported and the major impact they may 
have on the remainder of this program. 


2 PRIME OBJECTIVE OF INVESTIGATION. 


The prime objective originally set by the Army at the onset of this investigation 
was to construct a field-portable prototype system and demonstrate its capability 
for producing credible in-situ 3D stress data in distended geological media, with 
emphasis to be given to the measurements of lateral loads and emplacement in 
soils causing minimum disturbance. See Fig. 1 for the constituents of the 
system. They comprise a 3D stress sensor unit, a field-portable 
excitation/interface arrangement and a Lap Top PC recorder. Discussions on the 
work done for Phase I and Phase I Option are discussed next in Sections 3 and 4 
respectively. 


3 EFFORTS AND RESULTS SUMMARY FOR PHASE I INVESTIGATION. 


3.1 Meeting at WES at Onset of Phase I. 


At the onset of Phase I, a kick-off meeting was held at WES under ARO’s auspices to discuss with 
the Army’s mobility group Dynasen’s first approach to the development of the 3D stress sensor,to 
gather relevant information on Army’s application and the pressure ranges of interest, and the 
main trust of efforts to be implemented during Phase I. 


3.1.1 Dynasen-Proposed Approach to 3D stress Sensor 


In our original proposal to the Army, we proposed to develop a 3D stress sensor using three thin- 
film carbon stress element solid that were cemented on three orthogonal surfaces of a solid 
rectangular substrate. See Fig. 1. As we were proceeding in our early design efforts of the 3D sensor, 
it became apparent that the use of a solid rectangular arrangement would create a large “ localized 
inclusion effect” to the stress field when used in distended soil. An inclusion effect can be defined 
as the change imparted to a given local stress field when a rigid object of a finite size is emplaced in 
a highly compressible medium. Because of our concerns about such inclusion effect, we deviated 
from our original proposal in the design of the 3D stress sensor choosing instead a technique we had 
successfully used earlier to measure the lateral loads in shock-loaded geological media. Such 
technique is called the “Knife-Edge approach”. See Fig. 2 for the basic concept of a 3D Knife- 
Edge stress sensor arrangement which we investigated and tested during Phase I. 



3.1.2 Stress Range and Other Concerns of Interest Scope Limitation. 

in our discussions with the Army’s Mobility group, it was established that the levels of interest for 
the applications of the 3D stress sensors were 0-30 PSI for military vehicle-terrain interactions and 
0-200 PSI for the load generated beneath the pavement of a landing strip upon the touch-down of 
an aircraft. One important issue raised by a member of the group was the effect of the 3D sensor’s 
orientation during a series of measurements. Finally, it was suggested by the ARO representative 
that the efforts afforded to Phase I investigation should be limited to investigating the 3D sensor 
itself. 


3.2 Test Equipment Designs and Constructions. 


Part of the essential efforts to be devoted to Phase I were the designs and constructions of dedicated 
equipment needed at Dynasen to test prototypes of 3D stress sensors in controlled laboratory 
environments. Such equipment consisted in a loading apparatus to test 3D sensor prototypes in 
mock geological media, an hydro-static chamber to establish calibration of 3D sensors and a four- 
channel bridge/excitation source to excite individual carbon stress elements. 


3.2.1 3D Sensor Loading Apparatus. 


Figure 3 show the basic design of the loading apparatus that was constructed during Phase I to test 
3D stress sensor prototypes. This apparatus was assembled using an existing piece of equipment that 
had been constructed in an earlier program to reconstitute geological samples for gas gun testing. 
The dedicated components constructed during Phase I for the loading apparatus consisted in a 6- 
Inch-diam. test cavity, and hydraulic operating valve and plumbing system and a loading hydraulic 
reservoir. Later on during Phase I, a second test cavity having 12 inches in diameter and 41/2- Inch 
in depth was constructed, as our 6 inch cavity was deemed too small to adequately test prototypes. 


3.2.2 Hydro-Static Test Chamber. 


Figure 4 shows the hydro-static test chamber we constructed during Phase I to produce the 
individual calibrations of the three carbon stress elements of a given 3D sensor arrangement. Indeed, 
once a 3D sensor package is completed, it is no longer sufficient to use the stress calibration of the 
carbon elements themselves to iirfer stress data because of the effect produced by protective layer 
needed to insure survival of the thin film sensors. Thus an hydro-static apparatus was deemed 
needed to establish the over all calibration of a finished 3D stress sensor. 

3.2.3 Bridge/Excitation Source. 


Figure 5 shown the schematics of a four-channel bridge/excitation source we constructed to excite 
the carbon gauge elements of the prototype 3D sensors constructed during Phase I. 


3.3 3D Knife-Edge Stress Sensor prototype. 


Figures 2 and 6 show the two types of 3D knife sensor prototypes we constructed and tested during 
Phase I. As one can see, our first prototype (see Fig. 2, which we named Charlie, was constructed 
from a solid Aluminum block producing a gauge mounting wall thickness of approximately .1 Inch 
whereas two prototypes as per Fig. 6 were constructed using .020 Inch -thick stainless steel for 
gauge mounting wdl. The main idea for reducing the wall thickness with the stainless steel sensors 
was to minimize the inclusion effect which we discussed earlier. Indeed, our thinking then was ,”the 
thinner the gauge mounting wall was the lesser the inclusion effect would be.” 
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3.3.1 Thin-Film Carbon Stress Gauge Elements. 

The thin-film carbon stress elements used in this project were of the type C300-50-EKRTE which 
are commercially-produced by Dynasen having a 50Q nominal resistance. Such gauge element was 
developed (see Fig. 7 for. strip type element) was developed thirty years ago for UGT tests and has 
been used ever since in many applications of stress measurements in solids. To minimize the 
excitation current and of increase outputs, we decided to use the grid-type arrangement of the C300- 
50-EKRTE gauge , centering its nominal resistance at around 1,500 Q. The carbon elements were 
mounted on the outside faces of the 3D sensors using epoxy resin as the cementing agent. The 
carbon elements of the Aluminum 3D sensor were covered with .005 Inch-thick copper shield 
whereas with the elements of the stainless steel sensors were covered with .006 Inch-thick stainless 
steel protection. Figure 8 is a photograph of the three knife edge 3D sensors produced during Phase 


3.3 Test Results and Discussions. 


3.3.2 3D Aluminum Knife-Edge ‘ Charlie” 

At mid-point of Phase I, we were invited by the Army to submit a Phase II proposal on the subject of 
3D stress sensor. As we felt awkward to respond to such invitation, of course not knowing at that 
time, that such sensor could be constructed and be shown to work, we pressed-on on our Phase I 
work to assemble as quickly as possible our first prototype 3D stress sensor which we named “ 
Charlie”. We then proceeded to test our first prototype using our loading apparatus shown on Fig. 2 
and sifted #40 Silica sand as the working medium. The results of these tests are shown on Fig.9. 
Seemingly, the data produced by our first prototype 3D sensor prototype appeared to be reasonable, 

showing however unexpected differences between the two lateral principal stresses Oy and (J^ ^ 

value of Ox greater than expected for the 0° orientation of the 3D sensor package. Our first 
prototype did survive the tests without showing any visible or measurable substantial damage. Of 
course as we know it now from our tests of Phase I Option, there was considerable, stress gradient 
within the test cavity when using Silica sand as the working medium. Limitations imposed by its 
construction features prevented us from calibrating the unit using our hydro-calibration apparatus. 
Finally, it had not been established then that shear forces were acting along the vertical walls of the 

sensors, thus adding an extra load component to the gauge 


3.3.3 3D Stainless Steel Prototypes. 


After completion of our two stainless prototype units, we subjected them to hydro-static calibration, 
the only method which we knew could be used to truly calibrate the 3D sensor arrangement. 
Unfortunately, both stainless steel units produced a malfunction in one of their carbon elements 
during the hydro-calibration. However, from the results of the two other gauges these hydro¬ 
calibration tests clearly showed that the method was a powerful approach to establish calibration of a 
finish 3D sensor. Figure 10 shows the results of hydro-calibration of our stainless steel unit #2, 

producing nearly identical results for the two good elements CJx Ozat 50 and 100 PSI loading 
and output levels that were very similar to the carbon elements’ calibrations. For unexplained 

reasons Gy gauge of stainless steel unit#2 produced a higher calibration output. Figure 11 shows 
typical test results of stainless unit #2 in #90 Silica sand, using this time our 12 Inch-diam. test 
cavity. As one can see, the data produced by our #2 stainless 3D sensor also appeared to be 
reasonable. 

Although our Aluminum and stainless 3D stress sensor prototypes did not produce perfect results, 
the trend of the data produced was strongly suggesting that such devices could be made to work by 
implementing further improvements. However because of the asymmetry of the 3D knife-edge 
improvements needed to be implemented to improve its performance were deemed very challenging 
and perhaps found to be prohibitively to extensive, considering that other design avenues were 
possible. Thus testing of arrangements other than the knife-edge concept appeared to be a more 
logical step forward for this work a decision that was greatly rewarded by our work of phase I 
Option. 
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4 EFFORTS AND RESULTS OF PHASE I OPTION 


In this section we will discuss those issues we have addressed during Phase I Option which we feel are 
most relevant to future work and, of course, to the success of this investigation. Thus, details of work 
accomplishments of lesser relevance can be found in our progress letters # 1 to #5. 

In the course of Phase I Option work, we have identified and partially addressed the following areas 
of investigation that are key to this work. They are as follows and will be discussed in their respective 
listed order. 

Determination of Stress Reid in 12 Inch Test Cavity Using Mini Rat Packs. 

Visit at WES, in June, 2001, and discussions of results of Phase I and Discussions on aspects of 3D 
Knife-Edge sensors and design and support Calculations to back-up future basic measurements at 
Dynasen’s facility. 

Establish the need to reinforce components of test cavity for reducing tension strain effects on 
critically-located reference stress sensors. 

Investigate other carbon sensor’s excitation sources to circumvent difficulties experienced full 
bridge arrangement. 

Meeting and discussions at Dynasen on Dec. 10,01,with ARO and WES’ Personnel on 
accomplishment during Phase I Option and direction of direction of future work during Phase II. 

Construction and Testing of one prototype each symmetrical solid- and fluid-couple 3D stress 
sensor packages. 


4.1 Determination of Stress Field in Test Cavity. 


As we stated in our previous progress letters #5, it was deemed essential for future development work 
of 3D stress sensors that the stress field near the center of our 12-inch test cavity be known in order 
to benchmark the results produced by future 3D stress sensor arrangements. To do so, we conducted 
two series of tests using the so-called mini-flat packs stress sensing arrangement using 40-60 glass 
bead work medium. 40-60 glass bead is a fine sand-like medium consisting in tiny solid glass 
spheres showing an fluid-like behavior. The main objective of these tests was to determine the 
vertical downward load around the center of the test cavity. Our tests with the mini flat packs showed 
approximately a 50 PSI downward stress around the center of the cavity , as one would expect from 
simple calculations considering the physical parameters of the test apparatus at 200 PSI loading, 
assuming that the stress field is to be nearly uniform across the cavity when using glass beads. Minor 
stress gradients of the vertical load were detected at about 2 inch away from the center. 

An example of stress field measurements is presented here on Fig. 12 showing typical results 
obtained with mini flat packs in #40-60 glass bead work medium along with a schematics of the test 
arrangement. Our few attempts to mount three mini flat packs to mimic the 3D knife edge 
arrangement failed to produce any valid or interpretable data of lateral loads. The individual tests 
were discussed in our progress letters #2 and #3. Reverse side of Fig. 12 is a sketch of mini flat 
pack. 


4.2 Visit at WES in June, 2001. 


The purpose of our \asit at WES in late June 2001 was primarily to review Dynasen’s work and important 
findings during Phase I with the 3D knife-edge stress sensor and to discuss some critical aspects of the 
design approach used by Dynasen in its original work. These critical aspects primarily centered around 1) 
the concerns by Dynasen about the asymmetrical geometry of the Knife-edge arrangement and 2) the 
concerns by WES’ technical personnel about that peculiarity of such design and the effects of shear 
stresses on the response of such type of arrangement. Also discussed were the need by Dynasen to have 
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WES’ personnel perform computer simulations calculations to back up Dynasen’s calibration and side 
yard experiments. Other issues were also discussed such as the need to map the stress field in our test cavity, 
investigate other excitation sources for the carbon stress elements and the possibility of increasing the 
stiffness of the stationary pusher plate of our calibration apparatus. 

The critical points raised by WES about the 3D knife-edge arrangement were well taken into 
considerations by Dynasen and prompted us upon returning to our facility at directing much of our 
research efforts to re-examine the design features of our test apparatus and at exploring symmetrical 
arrangements of the solid-coupled and fluid-coupled 3D stress gauge arrangements. 


4.3 .Need to Reinforce Components of Test Cavity. 


While mapping the stress field of our 12-Inch test cavity, we were getting unreliable results with the stress 
gauges that was mounted at the bottom center of the stationary pusher plate of the test apparatus. Indeed, 
we felt that it was necessary to have one reference gauge mounted at the center of the stationary plate and 
also one gauge mounted at the center of the bottom plate to provide additional information to our the 
stress field measurements. Indeed, we went from a solid-mounted gauge to a fluid-coupled mounted gauge 
on the stationary pusher plate and saw no improvement in our measurements. 

Again remembering comments made earlier by WES on the possibly-insufficient stiffness of the 
Aluminum pusher plate, we investigated the existence of tension strain effects to develop while loading the 
working medium. A dedicated test was conducted ( See Fig. 13 here) which unequivocally demonstrated 
that tension strain is present at the center of the stationary pusher plate while loading the working medium. 
That dedicated test consisted in placing wedges around the container to prevent the pusher plate from 
touching the test medium and in applying a 200 PSI load to the test apparatus. As one can see, no pressure 
is registered by the three mini flat packs as one would expect. However, a large positive output is developed 

by the stress gauge Gj thus indicating a large level of tension strain at the center of the bottom face of the 
pusher plate. 

Immediately following the above dedicated test, we re-designed our 12-inch test cavity and had constructed 
a 2-Inch thick steel plate to back up the Aluminum pusher plate and a 2-Inch thick plate steel plate for the 
bottom of the test cavity. These components have already been fabricated and we are awaiting for the 
beginning of Phase II efforts to install them on our test apparatus. These two add-on plates should stiffen 
by a large factor the pusher and bottom plates of our test cavity and thus eliminating any tension strain 
effect on either plates. 


4.4 Investigate Other carbon sensor’s excitation sources. 


One major operational problems we have experienced while testing our 3D stress sensors has been the drift 
in output by the circuit arrangement used in Phase I and part of Phase I Option. See Fig. 5 for the 
bridge/amplification circuit we built during Phase I to excite the carbon sensors of the 3D stress sensors. 
The drift in output was caused by to thermal resistivity coefficient of the carbon stress element combined to 
the Joule Heating Effect Rl^t and the 100:1 amplification of the bridge output. Such drift made it very 
difficult for us to capture the sensors’ output signals using our recording oscilloscope. Of course, one 
possible approach to remedy the drift problem is to use a carbon element of same value in the opposite 
arm of the active gauge of the Wheatstone bridge used for the excitation circuit. That technique is called 
temperature effect self-canceling approach which requires a compensating stress carbon element of same 
resistance as the active gauge and be made part of the bridge as we said above. We intend to explore this 
approach as part as our Phase II effort as a bridge arrangement offers some advantages over other 
excitation techniques. 

A second approach which we have explored and used during Phase I Option has been the so-called large- 
capacitor coupling technique. Such technique can be easily understood in Fig. 14 A here. Figure 14 B is 
the Wheatstone Bridge arrangement. The large-capacitor coupling is equivalent to the bridge arrangement 
providing the time scale of the event measured is substantially shorter than the RC constant of the product 
“viewing coupling capacitor times the viewing resistor”. Furthermore the above technique is greatly 
simplifi^ in interpretation when used with a constant current source. Indeed, we found that once current 
equilibrium was reached within the circuit, data recording was very easy. Of course, we did not use any 
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amplification with the large-coupling capacitor. Further work on the capacitor-coupling method is 
anticipated during Phase II. 


4.5 Meeting at Dynasen with ARO and WES’. 


A meeting was held at Dynasen on December 10, 01, to review our work progress during Phase I Option 
with ARO and WES personnel. Our meeting primarily consisted in a brief overall review of Phase I Option 
work and its recent efforts with solid- and fluid-coupled stress gauge which are discussed in the next 
section. The review by Dynasen of its most recent work was of course marked by our great excitement 
from our part due to recent encouraging Endings with the fluid-coupled stress gauge. The other areas 
covered were 1) the submission of an abstracts for an up-coming meeting to be held at WES in late 
October, 2002, on Dynasen’s work with the 3D stress sensor, 2) the desirability for ARO to have at hand a 
prototype 3D stress sensor to show to other Government or non-Govemment groups the Army’s efforts 
and the potential application of such sensor by others, and 3) the extended interactions needed between 
Dynasen and WES’ technical personnel during Phase II to assure that the Army’s specific needs are met. 


4.6 Testing of symmetrical solid- and fluid-couple 3D stress sensor. 


Figure 15 shows the basic designs of the symmetrical solid- and fluid-coupled 3D stress sensors we 
constructed and tested during the past two months of Phase I Option efforts. As shown on Fig. 15, each 
package consisted in four carbon elements. One gauge, Oxt ,was dedicated to measure the vertical 
(downward) stress being applied to the top of the arrangement whereas a second gauge, Oxb> was mounted 
at the bottom of the arrangement to measure the downward stress produced by the package against the 
working medium. The two other gauges were dedicated to measure the lateral loads Oy and Oz . The main 
idea for gauges Oxt and Oxb was to And out if frictional forces were acting along the walls of the lateral 
load gauges and causing secondary forces to act upon the bottom download gauge Oxb- One may 
remember that we discussed this issue during our work with the Knife-edge stress sensor. Indeed, pre¬ 
empting on discussions of results presented later in this section, we did unequivocally find out with our 
fluid-coupled stress gauges that such shear forces are acting the vertical wall of the 3D sensors causing the 
bottom gauge Oxb to experience larger stresses than gauge Oxt- 


4.6.1- TESTING SOLID-COUPLED SYMMETRICAL 3D STRESS SENSOR. Prototype #1 . 

Our first symmetrical solid-coupled 3D stress sensor prototype was tested in two ways. The first way 
consisted in establishing its hydrostatic calibration whereas the second way consisted in testing the unit in 
#40-60 glass bead medium. Figures 16 to 20 show the results of the individual calibration tests whereas 
Fig. 21 shows plots of the individual hydro-calibrations for the four stress sensors of the unit. The basic 
design of the hydrostatic calibration apparatus built during Phase I is shown on the upper part of each test 
data sheet. As we discussed it in past work, the hydro-calibration method is the only method we know that 
can be used reliably , given the low stress range (0-30 PSI) the 3D stress sensor is to be exposed to. As one 
can on Fig.21, there is substantial variation in output sensitivity shown by the four stress elements, 
suggesting small deviations in construction may influence the response of each individual stress sensor. 

Figures 22 to 25 are the actual results in tests conducted in the glass-bead medium with our first solid- 
coupled prototype. As one can see on Fig. 22 the data produced by Oxt carbon element is very close to the 
data produced earlier with the mini-flat packs whereas the Oxb gauge produced a slightly higher pressure. 
The higher data of Oxb gauge was our first evidence that indeed there were frictional forces acting along 
the vertical wall of the sensor arrangement. The data produced by the Oy sensor appear to be reasonable, 
of course, without having any calculation to support such measurement. On the other hand the data of Oz 
gauge is not really evident. In one test, see Fig.25 we reverse the orientation of the 3D sensor placing the 
Oxt gauge at the bottom as shown on the upper right hand side of the testing arrangement. Again, the 
sensor placed at the bottom showed greater stress measurements, thus furthering the evidence of shear 
stresses acting along the wall of the 3D package. 



One important aspect which we could not detect from our tests with the solid-coupled 3D sensor was the 
influence of shear stresses upon the output of the lateral stress elements. Having no immediate support to 
resolve such issue, we did proceed to evaluate the fluid-couple 3D sensor, as potentially it was thought to be 
immune shear stresses. 


4.6.2 TESTING FLUID-COUPLED SYMMETRICAL SENSOR. Prototype#!. (Oy gauge Damaged) 


Upon completion of our first prototype fluid-coupled 3D stress gauge, we accidentally damaged its Oy 
gauge element by causing the coupling silicone fluid to partially escape from the cavity. Indeed, until now 
we have used epoxy resin to cement the coupling/sensing diaphragm to sensor housing, thus making the 
package vulnerable to tension tears. Of course, spot welding of the diaphragm to the sensor housing will 
used in future units to avoid such problem. As we were very anxious to get information with our first fluid- 
coupled prototype prior to our meeting at Dynasen on Dec. 10, 01, we proceeded to the hydro-calibration 
and testing of the unit knowing of course that the gauge would not function properly. 

Figures 26 to 28 are the individual hydro-calibration tests of our first fluid-coupled prototype 
(remembering that Oy was damaged) whereas Fig. 29 is a plot of the data. Figures 30 and 31 are actual 
tests in glass bead medium. As one can see on Fig. 29, the calibration of stress elements Oxt, Oxb and O 7 
appear to be relatively similar to one another as a result, we believe, of the no-shear stress transmission 
across the .005 Inch thick stainless steel diaphragm. Indeed, any gauge at the bottom of a fluid-coupled 
cavity can only sense the normal stress acting upon the diaphragm, thus rendering it immune to shear stress 
effects. By examining the results of Fig. 30, one can see that the bottom gauge Oxb produces a stress that is 
higher than gauge Oxt thus confirming once more that shear stresses are acting along the vertical walls of 
the 3D stress sensor. 

A second test,( see Fig.3 1), was conducted with the fluid-coupled unit, this time placing the damaged Oy 
on top and of course a no-gauge arrangement at the bottom, leaving the Oxt, CJxb and Oz gauges to 
measure the lateral stresses only. In an isotropic material , such as #40-60 glass bead medium, one should 
expect to measure the same stress with the three above good sensors. As one can see on Fig. 31, the three 
gauges Oxt, Clxb and Oz did produce nearly identical measurements as isotropic material behavior predicts. 
This in our views is a very strong indication that a fluid-coupled stress gauge arrangement is the way to 
approach 3D stress measurements or principal lateral loads in geological media. To further increase our 
excitement, we used our scope to superimpose the three records produced by Oxt, C^b and Oz gauges. See 
back side of Fig. 31. As far as we are concerned, the three sets of data lay on top of each other.” This is 
very exciting data??????, we think. 


4.6.3 TESTING FLUID -COUPLED SYMMETRICAL 3D STRESS SENSOR. Prototype #1. (after Oy 
and Oz gauges were rebuilt) 


Immediately after our Dec. 10, 01, meeting with ARO and WES, we proceeded to repair the Oy and Oz 
gauges of our first symmetrical fluid-coupled arrangement. With great precaution, we managed not to 
inflict any damage to the unit the second time around and proceeded with a second round of hydro¬ 
calibrations of its four sensing elements and in testing the 3D unit in #40-60 glass bead and #90 Silica sand 
using the same loading pressure as our previous tests. As one may remember, a 200 PSI loading pressure 
of the test apparatus produces a download vertical pressure of about 50 PSI in the center of the test cavity 
when using #40-60 glass bead working medium. The information produced by this second of testing with 
our rebuilt fluid-coupled unit is presented on Figs. 32 to 41. 

As one can see on Fig. 35, the hydro-calibration of the rebuilt fluid-coupled unit dated 12-17-01 appears 
to yield very similar output sensitivity of the four sensing elements. Furthermore the data presented in 
Figs. 26-28 confirm one more time what we said earlier: that the bottom gauge produces higher stress level 
due to the frictional forces acting along the vertical walls of the 3D sensors and that both lateral gauges Oy 
andCz produce the same lateral loads. In test of Fig. 39, the unit was rotated to 45 degrees with respect to 





and 02 produce the same lateral loads. In test of Fig. 39, the unit was rotated to 45 degrees with respect to 
the line of loading. A simple vector summation of the vertical and lateral loads is well in line with the actual 
measurements produced by the Oxt and Oy gauges, a fact that further raises our confidence in the 
operational capability of the fluid-couple 3D sensor. 

It is interesting to note here that our tests with #90 Si sand ( see Figs. 40 and 41) produced much larger 
stress data than with #40-60 glass bead, a finding which is not surprising considering the larger pressure- 
induced inter-granular shear strength that develops within the sand itself. Otherwise we observed the same 
stress pattern in Sand as we did in #40-60 glass beads. Without any hesitation, the data produced with the 
rebuilt fluid-coupled unit is re-affirming our earlier excitement , leaving no doubt in our mind, at the cost 
of repeating ourselves, that the fluid-coupled approach will be the way to proceed in Phase II. 

As we are about to begin Phase II on the 3D stress sensor, we can summarize our key findings so far as 
follows: 

1- Shear stresses acting along the vertical walls of the 3D sensors cause additional forces to be imparted 
upon the bottom gauge thus making its stress measurement larger than the top gauge. 

2- The fluid-coupled arrangement renders the 3D stress sensors to be insensitive to shear stress effects, and 
thus permits direct measurements of principal lateral loads. 

3- Each type of mock geological test medium seems to produced its unique stress field in a given test 
arrangement as a result of the pressure-induced inter-granular shear strength produced . 

4- The fluid-couple arrangement is the approach to be used in future work for its demonstrated capability 
to yield information from which in situ 3D stress data can be inferred. 


5. ANTICIPATED WORK FOR BEGINNINING AND THROUGHOUT PHASE II. 


From the results of work done Phase I and Phase I Option, we have identified four important areas which 
need to be concurrently investigated at the beginning or in the course of Phase II. These areas are: 1- the 
completion of needed laboratory testing equipment and the streamlining of test procedures, 2- the 
improvement of design and performance of our 3D stress sensor, 3- the construction of a versatile and 
easy-to-use multi-channel battery-powered gauge excitation source for laboratory and field work, and 4- 
the extensive testing and evaluation of prototypes as they are produced. As one can imagine, each of the 
above tasks may require different amount of time for their investigations. Thus, our general approach will 
be that each improvement made on any of the above-mentioned areas will be implemented in a 3D sensor 
prototype and consequently fully evaluated by testing. 

5.1-Complete or Add features on Testing Equipment and Streamline Test Procedures. 

As we were searching during Phase I and specially during Phase I Option to define the type of 3D stress 
sensor which would most likely succeed over a long term, our efforts at designing and constructing needed 
tests equipment were kept to a minimum level, stressing only on those basic features required to properly 
evaluate prototype sensors. Needless-to-say that such testing apparatuses were not optimized in many 
respects and made capable of efficient testing nor were testing procedures standardized. 

Having seemingly established that the fluid-coupled 3D stress sensor concept is our best design approach 
for succeeding in this program, one of the very first task we are planning to address early-on during Phase 
11 is to strengthen our 12-Inch test cavity system as we said earlier and add a few key valves and controls 
and operational safety features to streamline its operation and provide the operator with a safe work 
environment. Indeed, we found that dealing with fine materials such #90 Silica sand dust can damage 
equipment or be a health hazard , thus mandating that adequate protection features be used on around 
testing area. We plan to extend an adjacent existing ventilation system used for our gas gun facility to 
achieve the above. Also, as part of the above efforts, we plan to standardize or streamline testing and 
logging information in order to maximize the return of our efforts. 



5.2-iinprovement of design and performance of Fluid-Coupled 3D stress sensor. 

As we were constructing and testing the 3D fluid-coupled stress sensor, several improvements became 
obvious to us to be added to construction approach or to characteristics its features. The following are 
improvements we are currently seeking for our 3D stress sensor. 

A-The use of separate fluid-coupled pressure sensing modules instead of integrated built-in pressure 
sensors . Indeed, we found out that building the fluid-coupling cavity out of the 3D sensor’s main body 
makes it difficult to spot weld the coupling stainless steel diaphragm, a feature which is needed to preserve 
its attachment to the sensor arrangement. The course of action we intend to take is to build thin flat small- 
diameter fluid coupled pressure modules that can be spot welded, calibrated individually and thereafter 
cemented to the 3D sensor’s housing. 

B- The increase in sensitivity of the individual carbon sensing elements. In views of the low pressure (1-30 
PSI) to be resolved by the 3D stress sensor, we feel very strongly that an increase in pressure sensitivity and 
a reduction of thermal resistivity coefficient are two highly desirable features to be added to the pressure 
sensing elements. Indeed, although our carbon element type C300-50-EKRTE has produce reasonable data 
so far, an improvement of these two above-mentioned characteristics would constitute a great achievement 
over our past work , particularly as far as excitation and recording schemes are concerned. 

There are three avenues we intend to explore. They are 1) The improvement of our current carbon stress 
element, 2) the further exploration of the 5 Mil carbon-loaded polyethylene film (an approach briefly 
explored during Phase I), and 3) The evaluation of an inexpensive commercially-available High-Resistance 
Dime-Size contact resistance pressure device capable of high output. These three avenues will be explored 
in the order presented above. It is anticipated that the above task will cover a substantial amount of time of 
Phase 11. 


5.3- Multi-Channel Battery-Powered Gauge Excitation Source. 

In our work so far we have used two excitation methods to energize our carbon stress elements. They were 
the full bridge arrangement with 100:1 amplification and the large capacitor coupling method with no 
amplification. The full bridge method was marred by output drift whereas the coupling capacitor was 
limited to low output. As of this writing, we believe that the key to achieving high-amplitude low-noise 
output data rests primarily upon reducing the resistivity coefficient of the sensing element and in using the 
self-canceling arrangement that makes use of a second element that is placed in the bridge itself. 

Another aspect to the excitation source which needs to be investigated is the acquisition of an arrangement 
that permits the downloading of data directly into a Lap-Top computer instead of an oscilloscope. Such 
arrangement is readily available from Lab View Systems, the most important matter being the selection of 
the right hardware/software system capable of meeting our requirements. 

5.4- Testing and Evaluation of Prototype 3D Sensors. 

As we said earlier, for each major improvement achieved in the above described tasks planned for early on 
Phase II, prototype(s) will be constructed reflecting such improvement and fully tested in representative 
geological media. It is our plan to remain in continuous contact with WES technical personnel and to 
report verbally or by informal F.\X or e mail on all of our work progress, discuss and seek advice about 
unforeseeable problems and whenever possible have computer calculations performed to support our 
laboratory and down-the-road side yard tests. 
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Fig. 7. Thin-Film Strip and Grid Type Carbon Stress Elements. 



Fig. 8. Photographs of 3D Knife-Edge Produced in Phase I. 
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FIG. 9 Representative Results With First Prototype 3D Stress Sensor. 
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Fig. 10. Hydrostatic Calibration Outputs of Stainless Steel 3D Sensor 
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Fig. 21. Hydro-Static Calibration of Symmetrical Solid-Coupled 3D Sensor. 
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I 

t>(VT^ ]'L / 0 < ^ oi T£Mj), l£_?^ I 2 r / or IP) _ '^X _ 99 ^^^}^slX± 2 . 

-r-k- — -Hr- ^ -1--, . Jt|^./cWo/7J fii£0 

^AuCiS. i^, r- ^ A\/tB%C; t. ay, gXCif. Av'.SJGva »«. ^ ~ --r 

-&irJ^Rg Tg^r TBiJ 7^<7 AiTT. TP^T . ^ \' 
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^±1°^'^ _ '^tOOh'^ tQ.-JS' ^ /g.7^ V -ootifi, 

hgi^i'O /7./i> n-U k ■ 00 3-2.V 

i/O ^\M4.i.o '2.1.s^i- y\ 2/*rS ^ . oo 



^^ 1,11)^16^^'“ 


'/ 6 a Psj 


- /n • 28 X "/■ ' 


5-Dec-01 
13:06:43 
f(j]:Eres(|n ) 
.5 s 
2.00mV 
2.51mV 

rBrEresCMZ) 

.5 s 
•2.00 mV 
; -. 2.51 mV 


.. , -ic/ rC-E-i^ssCMS) 

AC/,eni-r* , .5 s 

. '/ sa psi ’ ' 2.00mV 

J_ ' __ 2.51mV 


* 

rD:Eres(|14) 
.5 s 

9 Q P mU 

<^/vL=4.fe;<(r^ % 

- 2L .U a l^n V 

_ 2.51 mV 


1 2 mV DC 

? 7 mW HP 



umiijimgjg^iiii 


'SE'E. 6TH£A. £/DC 
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TfiVf c/*viry 


wo/^k;iJ& 
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. vr r- 4 U 


•-«>At> . S C6 mB« 
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'USt 




4o-tci 

G>_p) 


MyoRAui'jc _ ^ <* / 

yv^.. . .y _ \y 


JIL • 

Pi^TOf^i 


PA«T tprr4 pl6,m Rrsrdko- 


«r I 


TE^T Ai»r^<.ATu^ 


, r 

■Jt) SfctvJ^OR ^L\ b -C^'\ipi-fep d. 


Pc ft 4&»3>^ 

VOC £xc‘ir. 


Ci-co-.i L~r-544 


Cioo-fft>-E<.K-nE ^Auce. 


^X^fTATibKj £ ^HCoR.OirJ^ 


“CXVT^ / O'T / o / T£Mj>, il_?C Te^T^. J OS' /_3_T£^+ PSl 

^- 1 _ ■ _ . _ Re aid. TesT 6 £q 6r^ tffeC uf:>~s>D£ Ooujw 

3Au<iE 4u{/£xC,-/-. /llif, £%C',t. Av^.Si&vAi. 1 ^ --f 


2 .,OC>/ O 


^i.sb a/.r9 ^atzsf 
■/S-^o ^ /a-96 K .pOOfeS 


























R>;.PP~^TflTiC CAL; TEST 







9 r^- -T--:? 


^ To E<ciT»lt!OiO 


_ 315 STRESS SENSttC 

— UysRAOLfC Fl-U«0 
AUUM I KlO tOMl A'l 


TEjr AP4t.AMc;EH6NiT 


pc ft 4e>3>A 

VOC £5<Cir. 


@ Catsjli. 

Crt6u=. ■ 





. '3X5 SfcNjiiOfi. PiU/f),—CCvplj£.p-A d. 








/6.9C9 

/ 7.0/ r 

/ 7 / 4*^0 !/• 

n'C-§9 

/r'73^ 

1 


Avg.s;&vi»»^ 


• od)/r9 


00 / rr 


:Eres(n4^ 

,5 s 
2.00 mV 
1.59 mV 


1 2 mV DC 



























Hv;.bP VT^T^C e^VL; TEST ( 


8 c*mB. 



m r^- 




^/^/ //^TZVyr 

--- -4.* -- 

TByr AM*AmG£mEnjT 


^ T6 EUCiT^TiOiO 


. ■St) STResi sEM^e 

— HVBRMJLTc FLUIO 
AUOM t too *\ tOMi Kt vlwiR. 



pcfe 48?3. A. 

VDC 


■Jib SfcNjSOR PJ~U)b,— C6Mpi>&pd. 

T<\ 0>Ao(e& V>f\r^A6&a 

Cl- s^o-1 • 


C.iOO.ffD-E<.»«,Ta ^Au6& 


^ rr A^Tit) K) £ ^£^oR-Otr^^ 

I- I 

-DA-T^ J2 J Ob io( Tg^f '*7 PC Te^T^. joi^ IP if TZ. \t-^\ 

b,ftuCi£. 1.1^ ^ 1^' j 4 //£xC,-/■. /!/; £>.c ',t. I Av'.5;Gvrt 1 ^ --r 


' OOZtil 


■ OOla^ 


I ooVKs 


• (o 



A\/,txc:r. 

8£fj<& r£fi7 

~7\V, £%c,t. 
An, TBvr 



n-e>J7 


on 12 V 

17>7it) 


1 3i-y- 





b-Uec-0 

3:42:52 

(|:Eres( 


: Eres (M2 '> 
.5 s 
2.00 mV 
2.87mV 


C;Enes(M3) 

.5 s 
•2.00 mV 
2.87mV 


D;Eres(M4) 
.5 s 
2.00mV 
2.87mV 
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W^DK S^TATiC CAL\e>HATit>rJ L cU^/o;') 

FLUID'C(kUpL£D ■5b ^eNS6l?. n'^cfent 6ftvj4£ V 

(n\; X A 
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Lo^CimG PKESSyl^ , Lp , pSJ 
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AU 
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^Bm.toa 
Gt . 
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••■ | | T' " h 4i--—CA «.«am 
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kOAti _ 

- T 
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m»o;uh /. . V 

== 

MVOftAVjLiC I ^ ^/. 

cvf.Noen ^[vvvo^;?. 


^'&Aivji>J6 
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rA«T •WrM pLft^ tfSTA'^T 

>0^^* >.^y ''**•*« 


TE^T A?fAiiATuS 


■ PC ft 4e>i4 

VDC £)<C‘ir, 


: •a'^ 

'3'b f^Lp^D —C^vpL&pA^ 

Cl-Co-. I L'r^544 


Cioo.S’o-E<ff,TE. ^Au6e 


ExCiTATiUM 4 'RHioR.O'tM'o’ 

I 

bIVTt ! PC. j o\ "XtyA^f. IfLl^ Hr l.<^l T± P^l 

—--P,r-1----I_ _4-«V<^’ 

^Au<iE .f, 4l/,£xc;r \ AY, £%C,t: ^ - 1 

■«•—rSiT r>»<T r£S7 


Wi£>cTt^ 
^rTB%T _ 


^Ac>A^w^;^e■ y 

/7C6. g 

Agv^.o 

A^l 


n‘(oi-i n.&bi 


00 SoS" 


<< 000*11 /^ufo lz%Cyipeb 

-_ Vs/ . AJi^ 


J'7.73y 


n&3<^ 


' o03>4> 
.0011-) 


Mp i-TSxto'^ ^ 
So PSJ 

i_ 

s.3x>^'-i ‘A 

'/ . zipsr ? 

1 

4<y;L= 

^ •/ 56 P^I 

AH iU 5.5CVa~^ 
i '/ 22- PSX 


6-Dec-01 
17:50:31 
'fi;Eres(|11 )-> 
■ .5 s 

2.00 mV 
6.47mV 

-■rB:Eres(M2)-, 

- .5 s 

. 2.00mV 

6.47mV 

rC:Eres(M3)-i 
.5 s 
2.00mV 
6.47mV 

•:Eres(M4)—I 

.5 s 
2.00mV 
6.47mV 

1 2 mV' DC 











'TR(\wt)OvJc££ TESTi. . 6 


CPkMiU 

TfiiT Cftv»ry 


Soil. TaiT’.sja 

AL 

iWiOMA^y PiiT^isL— 

iz////////ur^rf7^ 


Sft^. CA«>6 am 


4o-<pO 

C,A 


wo'rkiiJc, _^ . ft' 

K • ■• . ; V // w"w// ./TTT I 

=. PAivit46 

HVORAvjl'iC _ y _ _ ^ ''■ OiiToiM 

CVL*.Na6«. X .vv^vVV 


.tel. TUP 

cMAom 4«HiU - _ 

■ - 

•-- 1 

&»rrwM t 


S ccmD. 
CAeUL 




^■wSlEL- PAivit46 


nNNnNW^ 


'W^//A 

'—it;- 

?rp«i iiiffM 

pLav» WStaVt 

^VALV€ 



mo). -oil 


S/ N< 


nr£^T A?rA<.ATuS 


Pcfe 4S>3>» 
2^ VDL £:<Cir. 


SfcNj^ofi. ^jJ’ P -oa’sfpl&p-^d. 

€>a«Cj>- 'bAh<A6<gQ 


c.ioo-Jo-E<i^.nE: ^Auee. 


^ iT AT^li Kj £ 

■ 

•Cifirr^ jt / on ! 0 ) TeM|), LLfc 'tE^r^. 12- j oi ioi 

T—-[-;;-1—- -p, -1_ 1^ TBsr /)FT^(l £f.oa<>«6 /Jhq 

3AuC:i£- 5» /V a 77^^^- ^Y, £>.C',t. A\^.5;&vrt»^ ----r 

T65,r TBiT r%S7 - - I I I 



^ »VN< ^ U> ^-f^X 


.&DI96 


n.ifc'," 


lfeb.7 1().17 

/.SHf,? vi-^i>n v- 743> l^oons 

_;>7v-o I /.&1-O.S I >r>Hq3 I n ,oonz I 

^.,0. “A o6 OGje ! FL 


A A^'S */ 

'2- A\/t 


y.-v. 3-2 Pii 


7-Dec-01 
11:45:45 
|-fl:Eres(|11 )- 
.5 s 
Z.BTDrny 
-1.96m'j' 


li 1::^ aA «<. 

^^c/4 us£ 

rB:Eres(112) 
.5 s 

2.00mV 
“1 - 96mV 

j > 13 2yn>'^ A 
^ ' '/Be. PSI 

rC;Eres(M35 
.5 s 


2.00mV 

-1.96mV 



^ ^ sffi 

■{j];Eres(M4)- 
.5 s 


2.00mV 
-1.96mV 



1 2 nV DC '-'-V-'-' - ■-'-^-L. 

see. 0 Th£M, s^p^n fM^isFn 



















CAL; T^Sl 


Tft jUc^wMiO 
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•5t> STReSi SEwSoe 
HytRwJUc fluid 

ALUT^ I KlO tA tOwT Al vJ^tL 
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TEST A^RAnSEmemT 


pc ft 4e>^A 
24- VDC £7iC'\t, 


"Sti aavpL&p-Ad. 

Oi-ffo-.i L~r-> 


CiOO.Sb-E<.F.TE ^Au6t 


:>ArTt 


^XCiTATiliM 8 'RE^oRO'tNCir 

• I 

XT. / n I c>, j 11 / Of n TE^t Pfe^S Rg" 


:^Au<i£. I ^ )-ci- R, j\ j^i^,£xcrr. 

f- tirfijRC Tg^r /}frg>t rg<r Ag^jit/^ r£s7 




iy, £%c ',t. j A V^ # S /G v ^ C. 



l7>3^o K •<^oiiz 


/ 4'8^0v^ 1 1- 9oo K .<s©<ifi 


iy>‘fS'cy p‘S^ K ■d>oi‘fi w . 
P-i20 \>>' iCOl ^ 


f>otli y 



1r-Dec-B 1 
12;28;02 

I rfi;Enes(M1) 

/ 5 s 

00/Sl« A^/^=^.^,(y 10^ Vo 2.00mV 
1 -1.32mV 


J fB:Ere3C|12) 

-L_ .5 s 

• DC? /2Sv *f * -3^ . 2.00mV 

%- .i.32™v 


l-CrEresClIS) 

1 _ .5 s 

a()l^)y' .ry . -J 2.00fOV 

fl. 04 J[tOy_ _ J 22 |,,y 


OOI^V % 


/« AR. HI]:Enes(H4)- 

^ ‘A • .5 s 

; 2.00(riV 
I -1.32 mV 

1 2 mV DC 



See OTHc-A S''D/£ y ir'ijtocep / f 
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Test a(L*.aivj<;ememT 


PCS 4e>3,A 
^A- VDC £^C*ir. 


"Sti /-AmB^C<&'vpL£.p-Jb ^ 

fe-au.'t Tj. r«L _ 

Ci-ffo-. I 


C50O.Sb-E<.K,T£ BftuEt 


^XCrr^TiDM S T^ECoRO'tNiCjr 

■ 

1^ J n /o\ iv“c lir /f? /.o < Tt^+Pte^s_£o 
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6t ^ 

Bi 
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# S /G V ^ 

.<?a 

£3*7 K 

• oo 

237 

•^0 

2?/ . 

«60 

2.&01/ 


C:Eres(|13) 
.5 s 
2.00 my 
2.37mV 


'/ r rD:Eres(n4) 

2 frc> -r 5 3 

% 2.00mV 

2.37mV 
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•txvT’t y n / Qt J/J-'^C ■te^-SJ^. jgr //7 /. 6/ / ^ ~~7^ ^ 



S] 















HV STMTiC CftL|BR*ni»N (izinldO 



JO to id s<i 60 no So ‘fO JOO no izo 

Lo^D’iKJG P^E^SufZ^ 9 ”P^I- 

Fig. 35. Hydro-Static Calibration of Repaired 3D Fluid-Coupled Sensor 
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18-Dec-01 
11:21;05 
l'fl;Eres(|11 )* 
.5 s 
2.00mV 
3.92 mV 


•B:Epes(M2)- 
.5 s 
2.00mV 
3.92 mV 


^zr^^^niX/o'^r- fC:Eres(M3)- 

■/' 6>uo psi 
jI;_ 



^,T?r;vVA.v -i-ojAio-i *A Ji]:Eres(|14)n 
—_A _, I . 5 s I 

2.00mV 


3.92 mV 


F; ^ • 58 


1 5 mV DC 
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19-Dec-01 
16:56:05 
l^:Eres(|n) 
.5 s 
4.00 mV 
8.39mV 


'/' ns |>S3- rB:Epes(M2) 

Ji_ - .5 s 

4.00mV 

yi * '/.>ai Pir 8.39mV 


.0 06 » 2 Q_ ■=! C7jG fC:Eres(|13) 
“ic" P'^r ’ .5 s 

I 1 2.A, PSI 4.00mV 

J__ 8.39 mV 


’/^ |-D;Eres(|14) 

^ '^‘ '2)“?' 4.00mV 

8.39mV 


Te^%T /^PTBfL 


fZ/C TiCi'/Ti^%r ftr^ 


(/si f'H> ^ ', SctAsf/ 



1 5 mV DC ' - ' - ^ ^-'-1-L_ 

Se€- GTKe/I 5'DE FoU. Ssijieit. bffTA 


























